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Abstract: We analyse in detail the scalar triplet contribution to the low-energy lepton

flavour violating (LFV) and lepton number violating (LNV) processes within a TeV-scale

left-right symmetric framework. We show that in both type-I and type-II seesaw dominance

for the light neutrino masses, the triplet of mass comparable to or smaller than the largest

right-handed neutrino mass scale can give sizeable contribution to the LFV processes,

except in the quasi-degenerate limit of light neutrino masses, where a suppression can

occur due to cancellations. In particular, a moderate value of the heaviest neutrino to

scalar triplet mass ratio r . O(1) is still experimentally allowed and can be explored in

the future LFV experiments. Similarly, the contribution of a relatively light triplet to the

LNV process of neutrinoless double beta decay could be significant, disfavouring a part of

the model parameter space otherwise allowed by LFV constraints. Nevertheless, we find

regions of parameter space consistent with both LFV and LNV searches, for which the

values of the total effective neutrino mass can be accessible to the next generation ton-

scale experiments. Such light triplets can also be directly searched for at the LHC, thus

providing a complementary probe of this scenario. Finally, we also study the implications

of the triplet contribution for the left-right symmetric model interpretation of the recent

diboson anomaly at the LHC.
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1 Introduction

The observation of nonzero neutrino masses and mixing provides the first unambiguous

experimental evidence for physics beyond the Standard Model (SM) [1]. Although the

origin of mass for all charged fermions in the SM seems to have been demystified by the

Higgs boson discovery at the LHC [2, 3], the origin of tiny neutrino masses is still a nagging

issue. A simple way to solve this puzzle is by breaking the global B − L symmetry of the

SM through Weinberg’s dimension-5 operator [4], whose tree-level realizations are the type-

I [5–9], II [10–13] and III [14] seesaw mechanisms.

A natural renormalisable theory of the effective dimension-5 operator for the seesaw

mechanism is the Left-Right (L-R) Symmetric Model (LRSM) of weak interactions, based

on the gauge group SU(2)L×SU(2)R×U(1)B−L [15–18]. Here, the key ingredients of seesaw,

namely, the right-handed (RH) neutrino fields, arise as the necessary parity gauge partner

of the left-handed (LH) neutrino fields and are also required by anomaly cancellation,

whereas the seesaw scale is identified as the one at which the RH counterpart of the SM

SU(2)L gauge symmetry, namely the SU(2)R symmetry, is broken. The RH neutrinos

acquire a Majorana mass as soon as the SU(2)R symmetry is spontaneously broken at

a scale vR, analogous to the way the SM charged fermions get masses when the SU(2)L
symmetry is broken at the electroweak scale v. Thus, the Higgs field that gives mass to the

RH neutrinos becomes the analogue of the 125 GeV Higgs boson discovered at the LHC.

The L-R symmetric theories lead to new effects or add new contributions to various new

physics observables at both energy and intensity frontiers, which can be tested in current

and future experiments, if the scale of parity restoration is below a few TeV. In particular,

a TeV-scale LRSM leads to the spectacular lepton number violating (LNV) process of

same-sign dilepton plus two jets at the LHC [19–27] (for reviews, see e.g. [28, 29]), as well

as potentially large contributions to its low-energy analogue, namely, neutrinoless double
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beta decay (0νββ) [6, 30–42]. In addition, there are a plethora of lepton flavour violating

(LFV) processes, such as µ → eγ, µ → 3e, µ → e conversion in nuclei, which can get

sizeable contributions from the RH sector [23, 33–35, 37, 39, 42–49].

In this paper, we focus on the scalar triplet contribution to the low-energy LNV and

LFV processes within a TeV-scale LRSM framework. It is known that for triplet masses

much larger than the RH neutrino masses, its contributions to LNV and LFV processes are

sub-dominant [33–35]. However, since the direct experimental searches for these triplets at

the LHC still allow for the possibility of low triplet masses & 500 GeV [50] and the current

lower limits on the RH gauge boson masses are in the few TeV range [51–53], it is worthwhile

analysing the possible scenarios where the triplet masses are comparable to or lower than

the RH neutrino or RH gauge boson masses in the theory. In such cases, we find that the

triplet contribution to 0νββ and LFV processes can indeed be sizeable. While for very

large RH neutrino to Higgs triplet mass ratio, these contributions are already ruled out by

existing experimental constraints, for moderate values of this mass ratio, there still exists

some allowed parameter space which can be probed in future experiments. We emphasise

that these low-energy searches are complementary to the direct probes of the scalar sector

of the LRSM at colliders, where they lead to interesting multi-lepton signatures [54–64].

The rest of the paper is organised as follows: in section 2, we review the basic features

of the minimal LRSM. In section 3, we discuss the LFV processes µ → eγ and µ → 3e,

and in section 4, the predictions for 0νββ due to the triplet contributions. We discuss the

implications for the diboson excess in section 5. Our results are summarised in section 6.

2 The model setup

The quarks and leptons are assigned to the following irreducible representations of the

LRSM gauge group SU(3)c × SU(2)L × SU(2)R ×U(1)B−L [15–18]:

QL,i =

(
uL
dL

)
i

:

(
3,2,1,

1

3

)
, QR,i =

(
uR
dR

)
i

:

(
3,1,2,

1

3

)
,

ψL,i =

(
νL
eL

)
i

: (1,2,1,−1) , ψR,i =

(
NR

eR

)
i

: (1,1,2,−1) , (2.1)

where i = 1, 2, 3 represents the family index, and the subscripts L,R denote the left and

right-chiral projection operators PL,R = (1 ∓ γ5)/2. For the scalar sector, the minimal

model consists of the following representations:

Φ =

(
φ0

1 φ+
2

φ−1 φ0
2

)
: (1,2,2, 0),

∆L =

(
∆+
L/
√

2 ∆++
L

∆0
L −∆+

L/
√

2

)
: (1,3,1, 2),

∆R =

(
∆+
R/
√

2 ∆++
R

∆0
R −∆+

R/
√

2

)
: (1,1,3, 2). (2.2)
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The gauge symmetry SU(2)R × U(1)B−L is broken down to the SM group U(1)Y by the

vacuum expectation value (VEV) of the neutral component of the SU(2)R triplet ∆R:

〈∆0
R〉 = vR.1 This generates the Majorana masses of the RH neutrinos NR, as well as the

masses of the RH gauge bosons WR and ZR, and explains the small LH neutrino masses

via the type-I seesaw mechanism [5–9]. The other Higgs triplet ∆L acquires a small VEV

〈∆0
L〉 = vL and contributes to the generation of light neutrino masses via the type-II seesaw

mechanism [10–13]. The standard electroweak symmetry is broken by the VEV of the Higgs

bi-doublet field Φ: 〈Φ〉 = diag(κ1, κ2), which generates masses for the charged fermions,

as well as the SM W and Z bosons. The mixing between the LH and RH gauge bosons is

given by tan 2ξ ' 2κ1κ2/v
2
R.

The current experimental constraints on the mass of the RH gauge boson MWR
'

gRvR/
√

2 & 3 TeV (assuming the equality of the SU(2)L and SU(2)R gauge couplings, i.e.

gL = gR) from direct LHC searches [51, 52], as well as from quark flavour changing neutral

current (FCNC) processes [65–68], imply that vR & 6 TeV. Similarly, the constraints from

the electroweak ρ-parameter [1] restrict vL . 2 GeV. On the other hand, since the VEVs

of the Φ field break the electroweak symmetry, we have κ2
1 +κ2

2 = v2, where v ' 174 GeV is

the electroweak VEV in the SM. Thus we expect to have the following hierarchy of VEVs:

vL � κ1, κ2 � vR . (2.3)

Without loss of generality, we can choose κ1 and vR as real parameters, while κ2 and vL
can, in general, be complex parameters.

The Yukawa Lagrangian in the lepton sector is given by

−LY = hijψ̄L,iΦψR,j + h̃ijψ̄L,iΦ̃ψR,j + fL,ijψ
T
L,iCiτ2∆LψL,j

+ fR,ijψ
T
R,iCiτ2∆RψR,j + H.c., (2.4)

where C = iγ2γ0 is the charge conjugation operator, Φ̃ = τ2Φ∗τ2, τ2 is the second Pauli

matrix and γµ are the Dirac matrices. After electroweak symmetry breaking, the Yukawa

Lagrangian (2.4) leads to the following 6× 6 neutrino mass matrix in the flavour basis,

Mν =

(
mL mD

mT
D MR

)
, (2.5)

where the 3× 3 Dirac and Majorana mass matrices are given by

mD =
1√
2

(
κ1h+ κ2h̃

)
, mL =

√
2vLfL, MR =

√
2vRfR . (2.6)

In the seesaw approximation, using eq. (2.3), the 3× 3 light neutrino mass matrix can be

written as

mν ' mL −mDM
−1
R mT

D =
√

2vLfL −
κ2

√
2vR

hDf
−1
R hTD , (2.7)

where hD ≡ (κ1h+ κ2h̃)/(
√

2κ) and κ ≡ (|κ1|2 + |κ2|2)1/2.

1In principle, the L-R symmetry can also be broken by a doublet Higgs field; however, in this case, the

LH and RH neutrinos must necessarily pair up to form Dirac particles and do not give rise to the interesting

LNV signals, such as 0νββ induced by neutrinos, as discussed here. Moreover, the decay WR → `ν` would

lead to an isolated lepton plus missing energy, and the null results at the LHC in this search channel would

highly disfavour a TeV-scale WR in the doublet-breaking scenario.
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We will do our analysis in two interesting limits of eq. (2.7), which do not require any

fine-tuning of the model parameters to get the observed light neutrino masses:

(i) Type-I dominance, where the VEV of ∆L can be set to zero and the first term on

the right-hand side of eq. (2.7) vanishes, so that the light neutrino mass matrix is

governed by the usual type-I seesaw contribution [6]:

mν ' −mDM
−1
R mT

D . (2.8)

In this case, the light-heavy neutrino mixing V`N ' mDM
−1
R may or may not give

large contributions to the low-energy processes, depending on the textures of mD

and MR as required to satisfy the neutrino oscillation data [39, 69]. Since our focus

is on the triplet contribution, we will assume for simplicity that mD is proportional

to the identity matrix [34],2 with the mixing V`N . 10−6, which satisfies the light

neutrino mass constraint for TeV-scale MR, without any fine-tuning. In this case,

eq. (2.8) suggests that mν ∝ M−1
R and the same PMNS mixing matrix U which

diagonalises mν also diagonalises M−1
R . This implies MR is diagonalised by U∗, since

U is assumed to be unitary. Moreover, the ratios of the RH neutrino mass eigenvalues

(Mi) are related to the corresponding mass eigenvalues in the light neutrino sector

(mi), which are experimentally constrained for a given mass hierarchy. Thus, the

only free parameter in the RH neutrino sector is the overall mass scale, which we will

fix by specifying the heaviest neutrino mass eigenvalue, to be denoted hereafter by

MN . More explicitly, for normal hierarchy (NH) of light neutrino masses, we have

MN = M1, and therefore, M2 = (m1/m2)MN and M3 = (m1/m3)MN . Similarly, for

inverted hierarchy (IH), we have MN = M3, and therefore, M1 = (m3/m1)MN and

M2 = (m3/m2)MN [34].

(ii) Type-II dominance, when the Dirac mass term mD is negligible, so that the light

neutrino mass matrix is solely governed by the Higgs triplet contribution:

mν ' mL. (2.9)

In this case, the light-heavy neutrino mixing V`N is necessarily small and does not

play any role in the LNV and LFV observables. Moreover, if parity (or charge

conjugation) is taken to be the discrete L-R symmetry at the TeV-scale, this implies

fL = fR (or fL = f∗R). Hence, eq. (2.9) suggests that mν ∝MR, i.e., the same PMNS

mixing matrix U diagonalises both LH and RH neutrino sectors [33]. In this case, for

NH, we have MN = M3, and therefore, M1 = (m1/m3)MN and M2 = (m2/m3)MN ,

whereas for IH, we have MN = M2, and therefore, M1 = (m1/m2)MN and M3 =

(m3/m2)MN .

In the scalar sector of the minimal LRSM, there are 20 real degrees of freedom: 8 from

the bi-doublet and 6 each from the LH and RH triplets. After spontaneous symmetry

breaking, 6 of them are Goldstone bosons, which give masses to the LH and RH gauge

2This could in principle be motivated from some flavour symmetry [70].
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LL :

µ−
L νL e−L

γ

∆−
L ∆−

L

µ−
L ℓ+L e−L

γ

∆−−
L ∆−−

L

γ

ℓ+L ℓ+L

µ−
L e−L∆−−

L

RR :

µ−
R NR e−R

γ

W−
R W−

R

µ−
R ℓ+R e−R

γ

∆−−
R ∆−−

R

γ

ℓ+R ℓ+R

µ−
R e−R∆−−

R

LR :

µ−
L,R NR e−L,R

γ

W−
L W−

L

Figure 1. Feynman diagrams for µ→ eγ in the LRSM.

bosons in both charged and neutral sectors. Thus, there remain 14 physical real scalar

fields, one of which (h0
φ) should be identified as the SM-like Higgs doublet with mass

proportional to v, independent of the triplet VEVs. The remaining 13 scalar fields, i.e.,

the doublets H0
φ, A

0
φ, H

±
φ , left triplets H0

L, A
0
L,∆

±
L ,∆

±±
L and right triplets H0

R,∆
±±
R are all

assumed to be heavy, since their masses are proportional to vR [71]. In the following, we

will be mostly interested in the masses of the doubly-charged scalars, and for simplicity,

we will assume them to be equal in the LH and RH sectors. For convenience, we further

define the parameter

1

M2
∆

=
1

m2
∆±±

L

+
1

m2
∆±±

R

, (2.10)

and express our results for fixed values of the ratio of the heaviest neutrino mass MN to

M∆: r ≡MN/M∆.

3 Lepton flavour violation

In the canonical SM seesaw, the LFV decay rates induced by the neutrino mixing are

suppressed by the tiny neutrino masses, and hence, are well below the current experimental

limits [72, 73] and even the distant-future sensitivities [74–76]. On the other hand, in the

LRSM, several new contributions appear due to the additional RH current interactions,

which could lead to sizeable LFV rates for a TeV-scale vR. For example, the µ→ eγ process

receives new contributions from both the scalar and gauge sectors, which can be classified

into three categories, namely, those involving purely LH currents (LL), purely RH currents

(RR) and mixed LH-RH currents (LR), as shown in figure 1. The corresponding branching

– 5 –
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∆−−
L

µ−
L e+L

e−L
e−L

∆−−
R

e−R

e−R

µ−
R e+R

Figure 2. Feynman diagrams for µ→ 3e in the LRSM.

ratio is given by [35, 46]

BR(µ→ eγ) =
3αem

2π

(∣∣GγL∣∣2 +
∣∣GγR∣∣2) , (3.1)

where αem ≡ e2/4π is the electromagnetic coupling constant, and the form factors GγR and

GγL are given by

GγR =

3∑
i=1

VµiV ∗
ei|ξ2|Gγ1(ai)−S∗

µiV
∗
eiξe

−iαGγ2(ai)
Mi

mµ
+VµiV

∗
ei

m2
WL

m2
WR

Gγ1(bi)+
2bi
3

m2
WL

m2
∆++

R

,
(3.2)

GγL =
3∑
i=1

S∗
µiSeiG

γ
1(ai)−VµiSeiξeiαGγ2(ai)

Mi

mµ
+VµiV

∗
eibi

2

3

m2
WL

m2
∆++

L

+
1

12

m2
WL

m2
∆+

L

, (3.3)

with ai ≡ (Mi/mWL
)2, bi ≡ (Mi/mWR

)2, α is the phase of the VEV κ2, mµ is the muon

mass, V is the RH neutrino mixing matrix which is related to the PMNS mixing matrix

in our case, and S is the light-heavy neutrino mixing matrix which can be neglected for

the choice of our parameters. Similarly, we can drop the terms depending on the WL −
WR mixing parameter ξ which is experimentally constrained to be . 10−3 [1]. The loop

functions Gγ1,2(a) are given as

Gγ1(a) = −2a3 + 5a2 − a
4(1− a)3

− 3a3

2(1− a)4
ln a , (3.4)

Gγ2(a) =
a2 − 11a+ 4

2(1− a)2
− 3a2

(1− a)3
ln a . (3.5)

For the LFV process µ → 3e, the Higgs triplets ∆L and ∆R contribute at the tree

level, as shown in figure 2, thereby making the branching ratio of this process potentially

large [46, 77–79]:

BR(µ→ 3e) =
1

2
|hµeh∗ee|2

 m4
WL

m4
∆++

L

+
m4
WL

m4
∆++

R

 , (3.6)

where hαβ ≡
∑3

i=1 VαiVβiMi/mWR
. Note that there is also an one-loop induced contribu-

tion in the type-I dominance [80], which is however suppressed by the loop factors as well

– 6 –
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as by the light-heavy neutrino mixing, and hence, we can safely ignore it in our case, as

compared to the tree-level contribution given by eq. (3.6). In ref. [33], it has been pointed

out that the current experimental constraint on BR(µ → 3e) ≤ 1.0 × 10−12 [72] requires

that in eq. (3.6), the triplet scalar masses must be at least 10 times the heaviest RH neu-

trino mass scale in the theory, i.e., the ratio r . 0.1, thereby making the Higgs triplet

contribution to µ → eγ and 0νββ negligible. We show that while this is true in general,

there can be cancellations due to the variations of the so far unknown CP phases in the

PMNS mixing matrix in which cases, this is not strictly required, i.e., the µ→ 3e rate can

in principle be compatible with the experimental constraint even for larger values of r. In

these interesting scenarios, the Higgs triplet contribution to other LFV and 0νββ processes

can become sizeable, and hence, must be included in the analysis. This is first illustrated

with three representative values of r (moderate, small and large), where we show that r

values as large as O(1) are still allowed by current experimental constraints, giving rise

to interesting effects in low-energy LNV and LFV observables, as well as potential LNV

signals at the LHC. Then we show the LFV-allowed parameter space as a function of the

ratio r. We do not explicitly discuss here other interesting LFV processes, such as µ − e
conversion in nuclei, or electric dipole moments, which are left for future studies.

Case-I: moderate value of r. We first consider the scenario with r = 0.707. For

illustration, we set the RH gauge boson mass mWR
= 3.5 TeV, largest heavy neutrino mass

MN = 500 GeV and the Higgs triplet masses Mscalar ≡ m∆++
R

= m∆++
L

= M∆+
L

= 1 TeV,

which are consistent with the direct experimental constraints from the LHC. Using these

parameters and eqs. (3.1) and (3.6), we compute the µ→ eγ and µ→ 3e branching ratios,

respectively, as a function of the lightest neutrino mass. We have taken into account the

3σ variation of the oscillation parameters as given by a recent global fit [81], as well as

the variation of the Dirac CP phase δ between [0, 2π] and Majorana phases α1,2 between

[0, π]. We demand that our predicted LFV branching ratios should satisfy the current

limits: BR(µ → eγ) < 5.7 × 10−13 from MEG [73] and BR(µ → 3e) < 1.0 × 10−12 from

SINDRUM [72] experiments. Our results are shown in figure 3 by the blue (µ → eγ)

and red (µ → 3e) scattered points for normal hierarchy (NH, left panels) and inverted

hierarchy (IH, right panels) in type-I (top panels) and type-II (bottom panels) dominance.

We find that for the type-I, NH case, the predicted LFV branching ratios of µ → eγ and

µ → 3e are allowed by the present experimental constraints, only if the lightest neutrino

mass m1 ≥ 0.01 eV. For all other cases, lower values of m1(m3) are allowed. A part of this

parameter space with quasi-degenerate neutrinos is disfavoured by the most stringent limit

on the sum of light neutrino masses Σimi < 0.17 eV at 95% C.L from Planck data [82],

as shown by the green shaded region in figure 3. We infer that for moderate values of r,

the predicted LFV branching ratios for both type-I and type-II dominance are within the

reach of future experiments, such as MEG-II [74], PRISM/PRIME [75] and Mu3e [76], as

shown by the blue and red horizontal lines in figure 3.

To better understand the dependence of the branching ratios on the lightest neutrino

mass, next we consider only the best-fit values of the oscillation parameters, as depicted

in figures 4a and 4b, where we show the individual contributions GγL, GγR [cf. eqs. (3.2)

and (3.3)] to the branching ratio of µ → eγ, as well as the total contribution, for two dif-

– 7 –
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(a) (b)

(c) (d)

Figure 3. The predicted branching ratios of µ → eγ (blue points) and µ → 3e (red points)

processes (when for a given light neutrino mass, current experimental bounds on the branching

ratios of both are simultaneously satisfied) as a function of the lightest neutrino mass for NH (left

panels) and IH (right panels) in type-I (top panels) and type-II (bottom panels) dominance. The

ratio of the heaviest neutrino mass and the Higgs triplet mass has been set to r = 0.707. The green

shaded region is disfavoured at 95% C.L. from Planck data. The blue solid horizontal line is for

MEG-II sensitivity, while PRISM/PRIME and Mu3e will have sensitivities up to the blue dotted

and red solid horizontal lines respectively.

ferent CP violating phases. For the line labeled as (individual absolute)2, we have summed

over the absolute-square of the individual contributions inside GγL, GγR, thereby neglecting

the possibility of any interference. However, the interference terms are indeed important

for the total contribution to the LFV branching ratio, as can be seen from figure 4. The

phase variation induces a suppression in the branching ratio due to cancellation between

different contributions. We highlight this particular feature with suitable choices of the CP

phases δ = 0 and π in figures 4a and 4b, from which it is evident that, while the (individual

absolute)2 increases with the lightest neutrino mass, the contributions GγL, GγR as well as

the total BR(µ→ eγ) decrease for quasi-degenerate light neutrino masses. Similar feature

is visible for µ → 3e process, as depicted in figures 4c and 4d. From figures 4b and 4d,

it is evident that for the Dirac CP phase δ = π, there is an additional suppression in the

branching ratios of µ → eγ and µ → 3e near m1 ∼ 0.01 eV due to an exact cancellation

between different terms.

– 8 –
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Figure 4. Upper panels: variation of GγL, GγR and the total branching ratio of µ→ eγ process as a

function of the lightest neutrino mass for δ = 0 (left) and π (right). Lower panels: variation of the

branching ratio of µ→ 3e as a function of the lightest neutrino mass for δ = 0 (left) and π (right).

Here we have chosen α2 = 0, α3 = 0, r = 0.707, type-I dominance and NH case.

Case-II: smaller value of r. Next we consider the case where MN = 500 GeV and

Mscalar = 5 TeV, leading to r = 0.1414. For such a heavy Higgs triplet, we expect its

contribution to LFV processes to be relatively smaller, thereby allowing more LRSM pa-

rameter space for hierarchical neutrinos. This is indeed the case, as shown in figure 5.

A few comments are in order: (i) For the process µ → eγ, the predicted branching ratio

is beyond the reach of MEG-II upgrade [74] excepting for type-I dominance and NH [cf.

figure 5a], where hierarchical m1 (. 0.01 eV) may just be within its reach. However, for

the process µ → 3e, the predicted branching ratios are within the experimental reach of

Mu3e [76]. (ii) For the scenarios shown in figures 5a–5c, an additional suppression occurs

due to phase cancellation in the branching ratio of µ→ 3e for for mlightest ∼ 10−3−10−2 eV,

thereby making part of the allowed parameter space beyond the reach of the Mu3e sensi-

tivity. However, the type-II dominance IH cases is not affected by such phase-cancellation

[cf. figure 5d], and hence, can be tested more easily in future.

Case-III: larger value of r. In figure 6, we show the prediction for the other interesting

regime, i.e., lighter Higgs triplet and heavier RH neutrinos. We consider MN = 500 GeV

and Mscalar = 500 GeV, so that r = 1.414. In this case, the predicted LFV rates will

be much larger than the previous two cases, due to a large triplet contribution. Hence,

this scenario is heavily constrained from present experimental constraints. It is evident

from figure 6 that the predicted branching ratios are in agreement with the experimental

– 9 –
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Figure 5. The predicted branching ratios of µ→ eγ (blue points) and µ→ 3e (red points) processes

as a function of the lightest neutrino mass for NH (left panels) and IH (right panels) in type-I (top

panels) and type-II (bottom panels) dominance. The ratio of the heaviest neutrino mass and the

Higgs triplet mass has been set to r = 0.1414. The green shaded region is disfavoured at 95% C.L.

from Planck data. The blue solid horizontal line is for MEG-II sensitivity, while PRISM/PRIME

and Mu3e will have sensitivities up to the blue dotted and red solid horizontal lines respectively.

LFV rates, only for quasi-degenerate mass regime, which is already disfavoured by the

cosmological constraints from Planck.

Depending on the value of r, one can also obtain some constraints on the Majorana

phase α2 from the LFV bounds, as illustrated in figure 7 for the type-I NH case with

MN = 500 GeV. The oscillation parameters are varied as before and m1 is varied in the

range 10−4 eV to 1 eV. Figure 7a shows that for r = 0.01414, corresponding to Mscalar =

50 TeV, there are no constraints from LFV processes as for such a heavy mass, the triplet

is effectively decoupled. As the value of r increases the allowed values of α2 start getting

restricted from LFV constraints and the preferred values for α2 are seen to cluster around

0 and π. For r = 1.414, the LFV constraints are stronger and the density of the points is

lesser. We did not find any such constraints on the phase α1 from the LFV muon decays.

To summarize our findings in this section, values of r up to O(1) can be still allowed

by the LFV constraints, depending on other parameters in the light neutrino mass matrix.

This is illustrated with respect to the variation in r in figure 8, where the scattered points

simultaneously satisfy both µ→ eγ and µ→ 3e constraints for MN = 500 GeV.
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Figure 6. The predicted branching ratios of µ→ eγ (blue points) and µ→ 3e (red points) processes

as a function of the lightest neutrino mass for NH (left panels) and IH (right panels) in type-I (top

panels) and type-II (bottom panels) dominance. The ratio of the heaviest neutrino mass and the

Higgs triplet mass has been set to r = 1.414. The green shaded region is disfavoured at 95% C.L.

from Planck data. The blue solid horizontal line is for MEG-II sensitivity, while PRISM/PRIME

and Mu3e will have sensitivities up to the blue dotted and red solid horizontal lines respectively.

4 Neutrinoless double beta decay

In a TeV-scale LRSM, there are several new contributions to the LNV process of 0νββ [6,

30–42], due to the presence of RH currents and Higgs triplets. As discussed in the previous

section, the present bounds from µ → eγ and µ → 3e still allow the heavy neutrino to

Higgs triplet masses as large as O(1). So the Higgs triplet contribution to 0νββ can in

principle be sizeable and should not be neglected. In our subsequent discussion of 0νββ,

we therefore take into account the Higgs triplet contribution from ∆R. The contribution

from the other Higgs triplet ∆L is suppressed by the light neutrino mass. Also we assume

the mixing between the LH and RH sectors to be small, so that their contributions to 0νββ

can be neglected.

Thus, in our case, the half-life of 0νββ only includes purely LH and RH contributions:

1

T 0ν
1/2

= G0ν
01

(∣∣∣M0ν
ν ην

∣∣2 +
∣∣∣M0ν

N ηR

∣∣∣2), (4.1)

where G0ν
01 is the phase space factor and M0ν

ν,N are the relevant nuclear matrix elements

(NMEs) for light and heavy neutrino contributions, respectively. The particle physics
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Figure 7. The predicted branching ratios of µ → eγ (blue points) and µ → 3e (red points)

processes, when experimental bounds on the branching ratios of both are simultaneously satisfied,

as a function of the Majorana phase α2 for type-I NH case and with different values of r.

parameters ην and ηR correspond to the LH and RH amplitudes, respectively (cf. figure 9):

ην =
1

me

3∑
i=1

U2
eimi, ηR = mp

(
mWL

mWR

)4
 3∑
i=1

V 2
ei

Mi
+

3∑
i=1

V 2
eiMi

m2
∆++

R

 , (4.2)

where me and mp are the masses of electron and proton, respectively. The corresponding

effective neutrino mass is given by

mee =
∑
i

U2
eimi + 〈p2〉

(
mWL

mWR

)4
∑

i

V 2
ei

Mi
+
∑
i

V 2
eiMi

m2
∆++

R

 , (4.3)

where 〈p2〉 = mempM0ν
N /M0ν

ν ∼ (153–184 MeV)2 for 76Ge isotope [83] which we have

taken as our reference nucleus in this analysis.

In figure 10, we show the effective mass mee versus the lightest neutrino mass m1

for type-I dominance with NH and for different values of the ratio r. In this and all other

figures in this section for obtaining the effective mass, we have used only those values of the

model parameters that are consistent with the experimental limits of µ→ eγ and µ→ 3e

processes, as discussed in section 3. Thus these plots are inclusive of the LFV constraints.

We have included the 3σ variation of the oscillation parameters from ref. [81], as well as

the NME uncertainties as reported in ref. [83].
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Figure 8. The allowed parameter space as a function of r satisfying both µ → eγ and µ → 3e

constraints simultaneously.

Figure 10a is for r = 0.01414 (MN = 500 GeV, Mscalar = 50 TeV). Such a heavy

triplet is almost decoupled, and hence, there are no additional constraints on 0νββ from

the LFV processes. Thus in this case, the effective mass mee is the same as that obtained

in refs. [34, 39] without including the triplet contribution. Note however that, although

there are no constraints from LFV processes, the current 0νββ bounds from GERDA [84]

disfavour lower (fully hierarchical) and higher (quasi-degenerate) values of m1. The quasi-

degenerate region is also disfavoured from Planck data. The future limits from GERDA-

II [85] could even place a stronger lower limit on the lightest neutrino mass in this scenario.

As we go to a higher value of r = 0.1414 (MN = 500 GeV, Mscalar = 5 TeV), as shown

in figure 10b, the current LFV constraints (see figure 5) still allow the whole range of m1.

However, there are additional constraints on the Majorana phase α2 as has been shown in

figure 7. This rules out a part of the parameter space involving the cancellation region, and

therefore, very low values of mee can no longer be obtained. The shape of the curve for |mee|
in figure 10b can be solely attributed to the LFV constraints on the Majorana phases. We

have checked that if LFV constraints are not included, then figure 10b replicates figure 10a.
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Figure 9. The dominant LH and RH current contributions to the 0νββ process in the LRSM with

small LH-RH mixing.

For smaller Higgs triplet masses that lead to larger value of r, such as, r = 0.707

and 1.1414, the hierarchical mass range m1 ≤ 0.01 eV is completely ruled out and only

the quasi-degenerate region is allowed by the LFV constraints, as shown in the first panel

corresponding to type-I NH in figure 3 and figure 6. The corresponding impact of the LFV

constraints on the prediction for 0νββ is clearly visible from figure 10c and figure 10d, where

the effective mass is in agreement with the LFV constraints mostly for quasi-degenerate

light neutrino masses. Note that most of this region is already disfavoured by the Planck

data and/or the current upper limit on mee from GERDA. For r=0.707 a small window

for m1 (∼ 0.005–0.05 eV) still exists which is consistent with all the current constraints.

However this region is beyond the reach of GERDA-II and might be accessible only with

future ton-scale experiments, such as MAJORANA+GERDA [86].

Similarly, in figures 11, 12 and 13, we show the effective mass versus lightest neutrino

mass for the case of type-I dominance with IH, type-II dominance with NH and IH, re-

spectively. In all these scenarios, the r = 0.01414 case again resembles to the cases where

the Higgs triplet effect is not included [34, 39]. Also note that for these plots the cancel-

lation region with very low value of mee is not obtained. The exclusion of certain regions

of parameter space specially for higher values of the lightest neutrino mass is due to the

constraint on the phase α2 from LFV processes, as explicitly shown in figure 7.

From figures 10, 11, 12 and 13, it is evident that a large value of r is highly constrained

experimentally, whereas a moderate value of r . O(1) is more favourable and can be tested

in the next generation 0νββ experiments, such as GERDA-II [85], in combination with the

future LFV experiments.

Finally in figure 14, we show the allowed region in the MN versus Mscalar plane that is

experimentally allowed by both LFV and 0νββ constraints. Here we have set gL = gR and

mWR
= 3.5 TeV to satisfy the direct search constraints from the LHC [51, 52]. The blue
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Figure 10. The variation of the effective neutrino mass as a function of the lightest neutrino mass

for type-I dominance with NH. The different panels correspond to different values of r. The green

shaded area is disfavoured at 95% C.L. by Planck. The orange band corresponds to the range of

|mee| = 0.18–0.22 eV, the region above which is excluded at 90% C.L. by the combined limit from

GERDA. The black band corresponds to the future limit (|mee| = 0.098–0.12 eV) from GERDA-II.

shaded regions correspond to the case with MN , Mscalar ≤ mWR
, which are favoured by

vacuum stability and perturbative arguments [87, 88]. The green points are after satisfying

the LFV constraints, while the red points also satisfy the current upper bound on effective

mass mee < 0.18 eV. It is evident that MN and Mscalar values below 500 GeV or so are

disfavoured by the low-energy constraints, whereas heavier triplet masses are still allowed,

as long as the corresponding Yukawa couplings are below the perturbative limit.

5 Diboson excess

A number of recent resonance searches with the
√
s = 8 TeV LHC data have observed

excess events around an invariant mass of 2 TeV, the most notable one being a 3.4σ local

excess in the ATLAS search [89, 90] for a heavy resonance decaying into a pair of SM

gauge bosons, followed by the hadronic decay of the diboson system.3 It is known that this

3Although no such excess above 2σ has been found in the early
√
s = 13 TeV data, the sensitivity is

too small to rule out the Run I excess at the 95% CL [91, 92] and we have to wait for more data from the

Run-II phase to confirm/discard this excess.
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Figure 11. The variation of the effective mass as a function of the lightest neutrino mass for type-I

dominance and IH. The different panels correspond to different values of r. The green shaded area

is disfavoured at 95% C.L. by Planck. The orange band corresponds to the range of |mee| = 0.18–

0.22 eV, the region above which is excluded at 90% C.L. by the combined limit from GERDA. The

black band corresponds to the future limit (|mee| = 0.098–0.12 eV) from GERDA-II. The bands are

due to the NME uncertainties.

diboson excess can be naturally explained by a TeV-scale LRSM for the RH gauge boson

mass mWR
∼ 2 TeV and the corresponding gauge coupling gR ∼ 0.4–0.5 [93–100].

In this section, we study the implications of the diboson excess on the predictions of

LFV and 0νββ. A similar study was performed in ref. [42], but here we also include the

triplet contribution. For the gauge couplings gR 6= gL, the branching ratio of the LFV

process µ → eγ is given by eq. (3.1), where the factors GγL and GγR are scaled by a factor

of with respect to those given in eqs. (3.2) and (3.3), i.e.,

GγR '
(
gR
gL

)2∑
i

VµiV
∗
ei

m2
WL

m2
WR

Gγ1(bi) +
2bi
3

m2
WL

m2
∆++

R

 , (5.1)

GγL '
(
gR
gL

)2∑
i

VµiV
∗
eibi

2

3

m2
WL

m2
∆++

L

Gγ1(bi) +
1

12

m2
WL

m2
∆+

L

 . (5.2)
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Figure 12. The variation of the effective mass as a function of the light neutrino mass for type-

II dominance and NH. The orange band corresponds to the range of |mee| = 0.18–0.22 eV, the

region above which is excluded at 90% C.L. by the combined limit from GERDA. The black band

corresponds to the future limit (|mee| = 0.098–0.12 eV) from GERDA-II.

Similarly, the effective mass for 0νββ [cf., eq. (4.3)] will be of the following form:

mee =
∑
i

U2
eimi +

(
gR
gL

)4

〈p2〉
(
mWL

mWR

)4
∑

i

V 2
ei

Mi
+
∑
i

V 2
eiMi

m2
∆++

R

 . (5.3)

In figures 15 and 16, we show the branching ratios of µ → eγ, µ → 3e processes and the

effective mass mee for the RH gauge boson mass mWR
= 2 TeV. Comparing figure 15 with

figure 3 (for mWR
= 3.5 TeV), it is evident that even a moderate value of r = 0.707 is now

severely constrained. This is also reflected in figure 16 from 0νββ limits.

Finally in figure 17, we show the allowed region in the MN versus Mscalar plane that is

experimentally allowed by LFV processes, as well as by 0νββ, while explaining the diboson

excess. As in figure 14, the blue shaded regions correspond to the natural case with

MN , Mscalar ≤ mWR
[87, 88]. The green points are after satisfying the LFV constraints,

while the red points also satisfy the current upper bound on effective mass mee < 0.18 eV.

– 17 –



J
H
E
P
0
4
(
2
0
1
6
)
0
4
6

(a) (b)

(c) (d)

Figure 13. The variation of the effective mass as a function of the lightest neutrino mass for

type-II dominance and IH. The different panels correspond to different values of r. The green

shaded area is disfavoured at 95% C.L. by Planck. The orange band corresponds to the range of

|mee| = 0.18–0.22 eV, the region above which is excluded at 90% C.L. by the combined limit from

GERDA. The black band corresponds to the future limit (|mee| = 0.098–0.12 eV) from GERDA-II.

6 Summary

We have studied the correlated constraints from low-energy LFV and 0νββ processes for a

TeV scale LRSM including the contribution of the Higgs triplets. Triplet masses comparable

to or lighter than the RH neutrino masses were previously thought to be completely ruled

out by the LFV constraints. We show that even with relatively lower values of triplet

masses, it is still possible to get allowed parameter regions consistent with the LFV limits

due to the existence of cancellations between different contributions predominantly in the

quasi-degenerate region which can be attributed to the so far unknown CP phases. We

illustrate this effect in a simplified scenario of the LRSM in type-I and type-II seesaw

dominance limits for both normal and inverted mass hierarchies, by fixing the RH gauge

boson mass mWR
= 3.5 TeV and the heaviest RH neutrino mass MN = 500 GeV, and

varying the triplet mass M∆ in terms of the ratio r = MN/M∆. We find that for small

values of r . 0.1, the triplet contributions to the LFV observables are negligible (see

figure 5), in agreement with the previous studies. However, for moderate values of 0.1 .
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Figure 14. The allowed region in the MN vs M∆ plane that is experimentally allowed by LFV

processes, as well as 0νββ, for mWR
= 3.5 TeV. The green points are after satisfying the LFV

constraints, while the red points also satisfy the current upper bound on effective mass mee <

0.18 eV. The blue shaded regions correspond to the natural case with MN , Mscalar ≤ mWR
.

(a) (b)

(c) (d)

Figure 15. The branching ratio of µ→ eγ and µ→ 3e vs light neutrino mass, for the right-handed

gauge boson mass mWR
= 2 TeV and r = 0.707.

– 19 –



J
H
E
P
0
4
(
2
0
1
6
)
0
4
6

(a) (b)

(c) (d)

Figure 16. The effective mass mee vs light neutrino mass, for the right-handed gauge boson mass

mWR
= 2 TeV and r = 0.707. The different panels correspond to: (a) type-I dominant NH (b) type-

I dominant IH (c) type-II dominant NH (d) type-II dominant IH. The orange band corresponds to

the range of |mee| = 0.18–0.22 eV, the region above which is excluded at 90% C.L. by the combined

limit from GERDA. The black band corresponds to the future limit (|mee| = 0.098–0.12 eV) from

GERDA-II.

r . 1, the triplet contribution rules out only a part of the LRSM parameter space. In

particular, a hierarchical light neutrino spectrum with m1 . 0.01 eV is disfavoured from

LFV constraints for type-I NH scenario, while the type-I IH and type-II cases remain largely

unconstrained, but can be accessible at future LFV experiments (see figure 3). Constraints

are also obtained on the Majorana phase α2, restricting it close to either 0 or π for most of

the cases analysed here (see figure 7). For larger values of r & 1, LFV constraints become

more stringent, ruling out the hierarchical light neutrino spectrum and only allowing the

quasi-degenerate region (see figure 6). However, this quasi-degenerate region is already

disfavoured by the cosmological limit on the sum of light neutrino masses from Planck data,

as well as from current experimental constraints on the half-life of 0νββ process. Thus, we

conclude that light triplets are completely disfavoured only for r & 1 (see figure 8).

We also give the predictions for the effective neutrino mass for 0νββ for all the cases,

taking into account the LFV constraints. Again, we find that for a higher value of r & 1,

the LRSM parameter space is severely restricted due to the LFV constraints, while the

0νββ predictions for moderate values of 0.1 . r . 1 are within reach of future experiments
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Figure 17. The allowed region in the MN vs Mscalar plane that is experimentally allowed by

LFV processes, as well as 0νββ, for mWR
= 2 TeV. The green points are after satisfying the LFV

constraints, while the red points also satisfy the current upper bound on effective mass mee <

0.18 eV. The blue shaded regions correspond to the natural case with MN , Mscalar ≤ mWR
.

(see figures 10–13). We emphasise that the LFV constraints on the Majorana phases play

a non-trivial role in ruling out parts of the parameter space otherwise allowed by the

0νββ constraints.

Finally, we also study the triplet contribution to LFV and 0νββ for the LRSM scenario

with mWR
= 2 TeV and gR = 0.5, being motivated by the recent indication of a diboson

excess by the ATLAS experiment. We find that this case is more severely constrained

than the mWR
= 3.5 TeV case discussed above. However, one can find smaller values

of r (see figure 17) which are still consistent with the LFV and 0νββ constraints, while

simultaneously explaining the ATLAS diboson anomaly. With more data pouring in from

the Run-II phase of the LHC, the light triplet scenario could be probed at the energy

frontier in near future, in conjunction with the complementary probes in future low-energy

experiments at the intensity frontier.
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